C-Mannosyl tryptophan (C-Man-Trp) is a unique molecule in that an α-mannose is connected to the indole C2 carbon atom of a Trp residue via C-glycosidic linkage. Although serum C-Man-Trp may be a novel biomarker of renal function in humans, the biological significance of C-Man-Trp has yet to be fully investigated. In this study, a novel assay system for C-Man-Trp was established using hydrophilicinteraction liquid chromatography, followed by detecting the fluorescence intensity or mass abundance of C-Man-Trp. Using this system, we systematically assessed the amount of free monomeric C-Man-Trp in different tissues of mice. The tissue level of C-Man-Trp was high, especially in the ovaries and uterus. Other organs with high levels of C-Man-Trp included the brain, spleen, lungs, bladder, and testes. The level was low in skeletal muscle. We also investigated whether the tissue level of C-Man-Trp is affected in diabetes. In KK-Ay diabetic mice, the level of urinary C-Man-Trp excretion was increased, and the tissue levels of C-Man-Trp were decreased in the liver but increased in the kidney. These results demonstrate that C-Man-Trp is differentially distributed in numerous tissues and organs in mice, and the levels are altered by disordered carbohydrate metabolism such as diabetes.
. The glycans are attached to the proteins through N, O, C, or S atoms in the amino acid chains. N-glycan is a major modified form in which N-acetylglucosamine (GlcNAc) is first bound to Asn via an amide bond, the processing of which has been extensively characterized 3 . O-glycan is another major modified form in which mainly N-acetylgalactosamine is bound to the hydroxyl residue of Ser or Thr in proteins 4 . The processing of O-glycan has also been well characterized. In addition to O-glycans, other saccharides, such as mannose, fucose, and GlcNAc, attach directly to Ser or Thr via the hydroxyl residue 1, 2 . Complex and diverse glycans in glycoproteins exert a variety of biological functions in the cell 5 .
Monomeric form of C-Mannosyl tryptophan (C-Man-Trp) was isolated from human urine 6, 7 and marine ascidians 8, 9 . The C-Man-Trp structure is quite unique in that an α-mannose is connected to the indole C2 carbon atom of a Trp residue via C-glycosidic linkage. It was reported that C-Man-Trp in blood may be a novel biomarker of renal function [10] [11] [12] . Furthermore, in other metabolomic studies, upregulation of C-Man-Trp was observed in human plasma and serum in patients with renal dysfunction due to diabetes 13, 14 . On the other hand, the structure of C-mannosylated Trp was identified first in human ribonuclease 2 (RNase2) 15 . C-Mannosylation occurs at the first Trp in the consensus amino acid sequence Trp-X-X-Trp in proteins 16 . There are several examples of C-mannosylated proteins included in the thrombospondin type 1 repeat (TSR) superfamily (e.g., thrombospondin, complements, F-spondin, properdin, mindin, etc.), type I cytokine receptor family (e.g., IL-21 receptor, erythropoietin receptor, etc.), and others (e.g., RNase2, MUC5AC, MUC5B, hyaluronidase I, etc.) 17 . C-Mannosylation is carried out by a specific mannosyltransferase located in microsomes, and its responsible gene was identified as DPY-19 in C. elegans 18 , suggesting that C-mannosylation functions in conventional glycosylation through the secretory pathway. This is consistent with almost all the C-mannosylated proteins found to date being secretory or membrane proteins. Recently, it was reported that DPY19L1 and L3 encode genes for mammalian mannosyltransferases, which possess distinct substrate specificities for the peptide sequence by monitoring the absorbance at 280 nm (upper) and the fluorescence (excitation at 302 nm/emission at 350 nm) (middle). The mass of the target peak considered to be C-Man-Trp was confirmed by mass spectrometry as having an m/z value of 367.
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+ , corresponding to that of C-Man-Trp, and the mass abundance was also measured (lower). The fluorescence (FLR) and mass abundance (QDa) of C-Man-Trp were measured with different concentrations of the standard C-Man-Trp compound. In this study, quantification of C-Man-Trp was carried out for each sample in accordance with the calibration curve shown in Fig. 1b . Typical elution patterns of C-Man-Trp were observed for the brain (Fig. 1c) , liver (Fig. 1d) , plasma (Fig. 1e) , and urine (Fig. 1f) . In the brain and liver, C-Man-Trp was detected as a main fluorescence peak with a retention time at 3.9 min. In the plasma and urine, although C-Man-Trp was detected, there were other peaks with retention times close to that of C-Man-Trp.
Quantification of C-Man-Trp levels in plasma and tissues of C57BL/6 mice. Numerous tissue and organ samples were prepared from C57BL/6 mice (male and female, 6 weeks) as described in Materials and Methods. C-Man-Trp levels were examined and quantified for each sample by UPLC-FLR analysis. As shown in Fig. 2a and Table 1 , C-Man-Trp was detected in all tested samples, but the levels varied among tissues. The levels of C-Man-Trp were high, especially in the ovaries and uterus. Other organs with high levels of C-Man-Trp included the brain, spleen, lungs, bladder, and testes. The level was low in skeletal muscle. In addition, the levels of C-Man-Trp were similar between the sexes in tested tissues and organs, excluding genitalia. These results suggest that the production or metabolism of C-Man-Trp is differentially regulated in each tissue and organ in mice.
Transcription levels of DPY-19 gene homologues in selected tissues of C57BL/6 mice.
C-Mannosylation was considered to occur at the specific Trp in proteins by a specific C-mannosyltransferase in the cell 16 . DPY19L1 and L3 genes have been experimentally confirmed to encode the mammalian C-mannosyltransferases 19, 20 . To investigate the correlation of protein C-mannosylation with the level of C-Man-Trp, the transcription levels of DPY-19 gene homologues (i.e., DPY19L1-L4) were examined in selected tissues of C57BL/6 mice (male and female, 6 weeks) by reverse-transcription polymerase chain reaction (RT-PCR) followed by agarose gel electrophoresis as described in Materials and Methods. As shown in Fig. 2b , the transcript of DPY19L1 was highly expressed in the testes, and moderate expression levels were observed in the brain, lungs, liver, bladder, spleen, thymus, kidney, heart, uterus, and ovaries. The levels were low in the stomach, small intestine, and skeletal muscle. In case of DPY19L2, high level of transcript was expressed especially in the testes, and low expression levels were detected in all of the other tissues. In DPY19L3, the transcript was moderately expressed in the brain, lungs, thymus, kidney, testes, and ovaries. The levels were low in the other tissues. www.nature.com/scientificreports www.nature.com/scientificreports/ In DPY19L4, the transcript was moderately expressed in the brain, lungs, thymus, testes, and ovaries, and low expression levels were observed in the other tissues. These results were similar to the data available in the Web database, Expression Atlas (EMBL-EBI, http://www.ebi.ac.uk/gxa) 21 .
Diabetes-related parameters in the plasma and urine of KK-Ay diabetic mice. The KK-Ay mouse is a model of type 2 diabetes with hyperglycemia and albuminuria 22, 23 . As shown in Table 2 , the data in the present experiments were consistent with those reported in previous studies using the same species 23 . The body weight, blood glucose, urine excretion volume, glycated albumin, and urinary excretion of creatinine in KK-Ay mice (16 weeks) were higher than those in age-matched controls (C57BL/6). In addition, the urine albumin-to-creatinine ratio (ACR) was markedly high in KK-Ay mice (16 weeks), compared with the lower excretion of albumin in age-matched controls. These results are consistent with KK-Ay mice demonstrating characteristics of early stage diabetes with slight renal damage 23 .
Plasma level and urinary excretion of C-Man-Trp in KK-Ay mice. C-Man-Trp levels were examined and quantified for plasma and urine samples as described in Materials and Methods. Plasma creatinine levels were similar between control (C57BL/6) and KK-Ay mice at 16 weeks ( Table 2 ). As shown in Fig. 3a , the plasma C-Man-Trp levels were comparable between control and KK-Ay mice.
The level of urinary creatinine excretion was increased in KK-Ay mice by more than two-fold compared with that in age-matched controls ( Table 2 ). As shown in Fig. 3b , the level of urinary C-Man-Trp excretion was also significantly increased in KK-Ay mice compared with that in age-matched controls. Together, these results suggest that the urinary excretion of both creatinine and C-Man-Trp increases in diabetes. Table 2 . Biochemical parameters in KK-Ay (16 weeks). **P < 0.01 indicates a significant difference versus C57BL/6.
The cellular level of C-Man-Trp in selected organs of KK-Ay mice. In KK-Ay mice at 16 weeks, the C-Man-Trp level was higher in urinary secretion than that in age-matched controls (Fig. 3b) . To investigate www.nature.com/scientificreports www.nature.com/scientificreports/ whether the amount of C-Man-Trp is altered in specific organs of diabetic mice, the level of C-Man-Trp was examined in selected tissues, such as the brain, liver, kidney, and pancreas, of KK-Ay mice. As shown in Fig. 5a , in KK-Ay mice at 16 weeks, the levels of C-Man-Trp were decreased in the liver but increased in the kidney compared with those in age-matched controls (C57BL/6). In the brain and pancreas, the levels were comparable between control and KK-Ay mice. To further investigate whether protein C-mannosylation is affected in the tissues of diabetic mice, the transcription levels of DPY-19 gene homologues (i.e., DPY19L1-L4) were examined in the brain, liver, and kidney, and compared between control and KK-Ay mice at 16 weeks. As shown in Fig. 5b , there were no significant differences in the levels of DPY19L1 or L3 in all of the tested tissues between control and KK-Ay mice, indicating that the transcription levels of DPY19L1 and L3 are not affected in the tissues of diabetic mice. Although the basal level of DPY19L2 was quite low in the liver of control mice (Fig. 2b) , it was significantly increased in the liver of KK-Ay mice compared with that of the control mice by unknown reason (Fig. 5b, middle) . Collectively, these results also indicated that the expressions of C-mannosyltransferase genes (i.e., DPY19L1 and KK-Ay (16 weeks) mice as described in Materials and Methods. Band intensity was quantified as described in Materials and Methods. Data represent the mean ± SD. *P < 0.05 indicates a significant difference versus C57BL/6. NS, not significant. www.nature.com/scientificreports www.nature.com/scientificreports/ and L3) are not directly correlated with the changes in the level of C-Man-Trp especially in the liver and kidney of diabetic KK-Ay mice.
Discussion
Monomeric C-Man-Trp was detected and quantified in human urine and plasma by measuring the specific fluorescence intensity of C-Man-Trp by reversed-phase HPLC 7, 11 . In these studies, C-Man-Trp was separated from other endogenous compounds in the urine or plasma, and identified by solely tracking its specific fluorescence. However, it was unclear whether other fluorescent biomolecules similar to C-Man-Trp affected the measurement of C-Man-Trp in the samples. To more accurately detect C-Man-Trp in biological samples, we established a novel assay for C-Man-Trp by measuring the fluorescence intensity and mass abundance of C-Man-Trp under conditions with HILIC as described in Materials and Methods. We also observed tissue extract samples that had fluorescent contaminants with a similar retention time as C-Man-Trp in the chromatography profile. In mouse urine (Fig. 1f) , as the fluorescent peak of C-Man-Trp partly overlaps with another peak in the chromatography profile, the peak molecule was further confirmed as C-Man-Trp by measuring the mass abundance by mass spectrometry. Indeed, to detect and measure C-Man-Trp in biological samples, the present assay system is likely more reliable than previous methods.
In previous reports, free C-Man-Trp was detected in urine and plasma of humans 6, 7 and in extracts of marine ascidians 8, 9 . However, the tissue or organ distribution of C-Man-Trp has not been well studied in mammals. In this study, we examined the distribution of C-Man-Trp in several tissues and organs from mice. As shown in Fig. 2a and Table 1 , the level of C-Man-Trp is high, especially in the ovaries and uterus. The level is also high in the brain, spleen, lungs, bladder, and testes, but is low in skeletal muscle. These results revealed that C-Man-Trp is distributed throughout numerous tissues and organs in mammals. C-Mannosylation is believed to occur enzymatically on the first Trp in the consensus amino acid sequence of Trp-X-X-Trp/Phe/Cys of secretory or membrane proteins in microsomes 16, 19, 20 . The responsible mammalian genes for C-mannosyltransferase were recently identified as DPY-19 gene homologues such as DPY19 L1 and L3 19, 20 . Monomeric C-Man-Trp is suspected to be a catabolic product of C-mannosylated proteins in different tissues or organs because it is detected in extracellular fractions, such as plasma and urine, in mammals. To investigate how the level of C-Man-Trp is differentially controlled in the tissues or organs of mice, we examined the transcriptional expressions of DPY-19 gene homologues in the tissues of C57BL/6 mice (Fig. 2b) . High or moderate levels of DPY19L1 expression seem to be compatible with the levels of C-Man-Trp in the brain, spleen, lungs, bladder, testes, uterus, and ovaries. Low levels of DPY19L1 expression also seem to be compatible with the low levels of C-Man-Trp in the stomach, small intestine, and skeletal muscle. However, in the liver, the level of DPY19L1 expression is moderate in spite of the low level of C-Man-Trp. On the other hand, DPY19L3 is moderately expressed in the brain, lungs, testes, and ovaries, and it seems consistent with the levels of C-Man-Trp in the corresponding tissues or organs. Low levels of DPY19L3 expression also seem to be compatible with the low levels of C-Man-Trp in the liver, stomach, small intestine, heart, and skeletal muscle. In contrast, in the thymus and kidney, the moderate expression levels of DPY19L3 seem inconsistent with the low levels of C-Man-Trp. Although it has not been shown whether DPY19L2 and/or DPY19L4 could exert C-mannosyltransferase activity 19, 20 , high level of DPY19L2 is expressed especially in the testes, and DPY19L4 is moderately expressed in almost tissues or organs of mice (Fig. 2b) . Taken together, these results indicated that C-mannosyltransferase genes are differentially expressed in various tissues or organs of mice, and the transcription levels of either DPY19L1 or L3 are reflected in the levels of C-Man-Trp in the tissues. Thus, the tissue level of free C-Man-Trp is presumably affected in part by the biosynthesis of protein C-mannosylation through the specific expression of C-mannosyltransferase genes, such as DPY19L1 and/or L3. Further investigation is still required to clarify how the level of C-Man-Trp is differentially regulated in each tissue or organ in mammals.
In regard to biological significance of C-Man-Trp in blood, there have been various reports that plasma or serum C-Man-Trp increases in renal dysfunction in humans, proposing free C-Man-Trp as a biomarker in blood to assess renal function [10] [11] [12] [13] [14] 24 . Yonemura et al. reported that the concentration of C-Man-Trp is a more reliable diagnostic parameter than that of serum creatinine because the C-Man-Trp level is not affected by age or muscle mass 12 , although C-Man-Trp was identified in fasting blood as a specific metabolite, highly correlated with age and aging traits such as lung function and bone mineral density 25 . Niewczas et al. reported that the serum C-Man-Trp significantly increases with progression of renal damage in type 2 diabetes patients, suggesting C-Man-Trp as a serum marker to assess the progression from early-stage to end-stage renal disease in type 2 diabetes patients 13 . However, in that study, the level of serum C-Man-Trp was especially higher in the progressing patients than the non-progressing patients in diabetes, suggesting that serum C-Man-Trp is upregulated simply in case of progressed renal damage irrelevant to hyperglycemia. In other metabolomics studies, the serum levels of C-Man-Trp and pseudouridine were increased in renal dysfunction with a low prevalence of diabetes in humans 10, 24 . In addition, combined assessment of C-Man-Trp with other serum metabolites (e.g., pseudouridine and N-acetylthreonine) could be more effective to assess the renal dysfunction in humans 10, 14 . Collectively, these studies demonstrated that serum C-Man-Trp is a possible biomarker for progressed renal damage. In the present study, we investigated the plasma/urine C-Man-Trp levels and albumin excretion in urine in type 2 diabetic model mice with slight renal damage. In KK-Ay mice at 16 weeks, diabetes-related albuminuria (i.e., ACR) was increased (Table 2) , and the level of C-Man-Trp was not changed in the plasma, compared with those in age-matched controls (Fig. 3a) . As the KK-Ay mouse is a model of early-stage type 2 diabetes 23 , our observations of less increase in serum C-Man-Trp in KK-Ay mice may be compatible with the pathological state of the early stage of diabetic nephropathy without renal dysfunction. However, it is not known whether serum C-Man-Trp is a useful marker to assess the renal dysfunction in the early stage of renal abnormality with microalbuminuria. Further investigation is required to establish the usefulness of serum C-Man-Trp for the precise assessment of renal functions.
www.nature.com/scientificreports www.nature.com/scientificreports/ Meanwhile, the level of C-Man-Trp was increased in urinary excretion in KK-Ay mice (Fig. 3b) . This suggests that the increased urinary excretion of C-Man-Trp may represent some of the altered renal functions in the type 2 diabetes mice. On the other hand, we also produced the streptozotocin (STZ)-induced diabetic mouse, a model of type 1 diabetes with hyperglycemia 26 , and examined the mice for the C-Man-Trp assay. Albuminuria was not observed in STZ mice, and it was consistent with STZ mice demonstrating characteristics of early stage diabetes without renal damage (Supplementary Table S1 ). In terms of plasma C-Man-Trp concentration, urinary excretion of C-Man-Trp, and C-Man-Trp clearance, there were no significant differences between STZ and control mice ( Supplementary Fig. S1 ). The results suggest that, in the absence of albuminuria, urinary excretion of C-Man-Trp is not affected even under the hyperglycemic conditions in STZ mice. Furthermore, urine C-Man-Trp/creatinine ratio was significantly decreased in STZ mice compared with that in the control mice by unknown reason (Supplementary Fig. S1 ). Collectively, these results suggest that the level of urinary C-Man-Trp excretion may be a key factor to assess the early renal abnormality with microalbuminuria irrelevant to hyperglycemia. Therefore, further studies are required to clarify how the level of plasma/urine C-Man-Trp is related to the progression in the early stage of renal dysfunction in diabetes or other diseases.
The levels of C-Man-Trp were significantly decreased, especially in the liver, in both KK-Ay and STZ mice compared with those in the control mice ( Fig. 5a and Supplementary Fig. S1 ), suggesting that the tissue levels of C-Man-Trp are affected under the hyperglycemic conditions of diabetes. However, as shown in Fig. 5b , there were no changes in the transcription levels of DPY19L1 and L3 in the liver and kidney between control and KK-Ay mice, suggesting that anabolic protein C-mannosylation is not much affected under hyperglycemia. In the liver and kidney of KK-Ay mice, the level of C-Man-Trp may be controlled not only by the anabolic C-mannosylation of proteins but also by the catabolic degradation of C-mannosylated proteins and the cellular transport of C-Man-Trp. Thus, other regulatory pathways related to the catabolism or the transport for C-Man-Trp is presumably involved in the changes in the tissue level of C-Man-Trp in KK-Ay mice. Further investigation is required to clarify how the level of C-Man-Trp is regulated in each tissue or organ in diabetic mice. Moreover, it is of interest to know whether free C-Man-Trp exerts specific biological functions in each tissue or organ.
In this study, we systematically assessed the amount of free monomeric C-Man-Trp in different tissues, organs, plasma, and urine of mice. Free C-Man-Trp levels vary among tissues and organs. We also found that the expression levels of C-mannosyltransferase genes (i.e., DPY19L1 and L3) are partially reflected in the levels of C-Man-Trp in each tissue, suggesting that the biosynthesis of C-mannosylated proteins is correlated with the tissue level of C-Man-Trp to some extent. In diabetes mellitus, a disease causing impaired glucose homeostasis, protein glycosylation and glycan metabolism are influenced by pathological processes 27, 28 . In diabetic KK-Ay mice, the level of C-Man-Trp was increased in urinary excretion, and the tissue levels were decreased in the liver but increased in the kidney, suggesting that the metabolism of free C-Man-Trp is also greatly influenced in diabetes. C-Man-Trp is still enigmatic regarding its biosynthesis, catabolism, and functions. Thus, by using this novel HILIC assay to determine free C-Man-Trp, further investigation is required to clarify the biological significance of C-Man-Trp. Synthesis of C2-α-C-mannosyl-L-tryptophan. C2-α-C-mannosyl-L-tryptophan (C-Man-Trp) was synthesized as previously described 29 . The purity and identity of the final product were verified by 1 H NMR spectroscopy and matrix-assisted laser desorption ionization (MALDI) mass spectrometry. The proton chemical shifts and coupling constants are consistent with those reported previously. The mass on MALDI mass spectrometry was consistent with the expected mass of the correct product.
Materials and Methods

Materials
Experimental mice. C57BL/6 mice were purchased from Kiwa Laboratory Animals Co., Ltd., Japan, unless otherwise stated. Male type 2 diabetic KK-Ay mice were obtained from CLEA Japan. All mice were housed in autoclaved cages, and maintained with food and water ad libitum. All experimental procedures were approved by the Wakayama Medical University Animal Care and Use Committee, and conducted in accordance with the regulations for animal experiments at Wakayama Medical University.
Biochemical and metabolic parameters. Blood glucose levels were measured using a glucose measurement device (GLUCOCARD GT-1641, Arkray, Kyoto, Japan). Other biochemical parameters in plasma and urine were analyzed by Nagahama Life Science Laboratory (Nagahama, Japan). Creatinine levels in plasma or urine were measured using corresponding enzyme kits (Wako Pure Chemical). Plasma glycated albumin levels were measured by the enzymatic method (LusicaGA-L, Sekisui Medical Co., Ltd., Tokyo, Japan). Urinary albumin levels were determined by the enzyme-linked immunosorbent assay kit AKRAL-121 (Shibayagi, Gunma, Japan).
Sample preparation. On the day before sacrifice, mice were transferred to metabolic cages for 24 h for urinalysis. Mice were anesthetized with isofulrane and blood was sampled from the heart. After cervical spine fracture dislocation, tissues were excised, rinsed with ice-cold phosphate-buffered saline (PBS, pH 7.2), and cut into small pieces. The samples were frozen in liquid nitrogen and stored at −80 °C until use. For measurement of C-Man-Trp, the frozen samples were homogenized in extraction solution (methanol: acetonitrile: formic acid = 80: 19.9: 0.1), and centrifuged at 12,000 × g for 15 min at 4 °C, and the supernatants were collected. The liquid samples (urine or plasma) were diluted in extraction solution, and the supernatants were similarly collected. All supernatants were further filtered using a 0.45-μm PVDF syringe filter before liquid chromatography analysis.
